Surface-enhanced Raman scattering (SERS) spectroscopy has evolved into a cross-disciplinary analytical technique by unveiling relevant chemical, biological, material, and structural information. The focus of this review is on two critical properties for successfully expanding applications of SERS spectroscopy: quality of the plasmonic substrate and molecule localization to the substrate. In this review, we discuss recent work on quantifying SERS distance dependence, key factors for substrate characterization and performance evaluation, expansion of SERS applications through substrate development for UV plasmonics and short-distance capture strategies for optimizing analyte-surface structures. After surveying the recent developments of these seemingly disparate fields, we suggest new research directions that may originate from a synergistic blend of all the herein discussed topics. Finally, we discuss major challenges and open questions related to the application of SERS for understanding of chemical processes at the nanoscale, with special interest on in situ catalysts and biosensing.
Introduction
SERS, regardless if understood as surface-enhanced Raman scattering or spectroscopy, is a well-established sensing technique and a field of research that is continuously evolving. This continued evolution can be attributed to the exquisite surface sensitivity of SERS, and has become explicitly linked to progression in nanomaterials engineering (design and fabrication). In SERS, the surface is used to boost the otherwise weak normal Raman scattering (NRS) signal coming from analytes in close proximity to a plasmonic substrate.
Raman scattering refers to an inelastic light scattering process that provides a vibrational spectrum rich in chemical structure information. With typical Raman cross-sections on the order of 10 À30 cm 2 sr À1 molecule
À1
, NRS from molecules is typically a very inefficient process. 1 In NRS, the intensity of Stokes scattering is proportional to the excitation power density and the Raman crosssection of the molecule. One method of enhancing the signal of NRS is to exploit electronic resonance effects. When the exciting laser energy falls within a molecular electronic transition (i.e. absorption band), Raman intensities can be 10 2 to 10 6 larger. This process is referred to as resonance Raman scattering (RRS) and can be interpreted as involving a larger molecular Raman cross-section. 1, 2 In SERS, Raman scattering signals are amplified by placing the molecule of interest in close vicinity to a metal surface of a plasmonic substrate; maintaining the above enumerated aspects of NRS: chemical information, laser power and molecular cross-section dependences. 1 SERS can be differentiated from many analytical sensing techniques by the rich vibrational spectroscopic information about an adsorbed molecule that it provides. This is one of the main reasons why it has been applied to a variety of fields, including electrochemistry, catalysis, biology, medicine, art conservation, materials science, and more. Another reason that SERS has been developed is that it can be combined with RRS (SERRS) to achieve single-molecule limits of detection, potentially elucidating information about chemical processes unobservable in ensemble measurements (those that represent the average signal of many individual molecules) (ref. 3 and references therein). Additionally, with proper instrumentation, sub-diffraction-limited resolution can be achieved and ultrafast study of molecular dynamics may be feasible. All these characteristics demonstrate that SERS, with a customized substrate, could answer fundamental chemical questions including reaction mechanisms (ref. 4 and references therein). From fundamental and practical perspectives, it is important to understand the mechanisms by which the Raman scattering signal is boosted in SERS, as this helps guide what the expected limit of detection (LOD) can be for different analytes. 1 While there might not be universal consensus on the SERS mechanism within the scientific community, there is certainly unity in acknowledging that several factors have crucial roles in different limiting cases. Our adopted way of understanding SERS involves two proposed mechanisms: the electromagnetic (EM) and chemical (CHEM) mechanisms (ref. 3 and 5 and references therein). The EM enhancement mechanism is directly related to the plasmonic properties of the substrate and hence to the dielectric function in combination with the nanostructures' composition, shape, size and local dielectric environment. Surface plasmon resonances localize and concentrate electromagnetic radiation augmenting the incident and emitted electric fields in the near-field region close to the surface. Hence, in SERS, the EM mechanism, or localized surface plasmon resonance (LSPR), amplifies both excitation and emitted radiation. Enhancement factors (EFs) of up to 10 6 -10 8 are attributed to the EM mechanism, which is typically considered the strongest source of signal amplification. The CHEM enhancement mechanism can also boost by up to B10 2 the Raman scattering process when the molecule is directly adsorbed to the metallic surface resulting in a charge-transfer that advantageously changes the molecule's polarizability. 1,5b These factors explain why, from a practical perspective, significant effort is focused on (1) engineering nanostructures with plasmonic metals (such as gold, silver and copper) and (2) bringing the molecule of interest within close proximity to take advantage of the enhancement mechanism (ref. 6 and references therein). Hot-spots are a particularly successful type of engineered features at the nano-scale, either as sharp objects or gaps which can produce SERS enhancements ranging from 10 5 to 10 8 . Importantly, the EM provided by hot-spots combined with RRS enhancement is by far the most frequent method to achieve single molecule sensitivity with SERS (ref. SERS may allow the detection of molecular changes upon adsorption; and therefore provide insight into surface science at the nanoscale.
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A common metric to quantify the signal amplification from surface enhancement in SERS is the EF, as it compares the surface-enhanced signal (I SERS ) to the NRS signal (I NRS ) normalized for the number of molecules probed (eqn (1) He is a member of the National Academy of Sciences and the American Academy of Arts and Sciences. He is known for the discovery of surface-enhanced Raman spectroscopy (SERS), the invention of nanosphere lithography (NSL), and the development of ultrasensitive nanosensors based on localized surface plasmon resonance (LSPR) spectroscopy.
In this tutorial review, we focus on a few recent advances in fundamental and applied aspects of SERS that may lead to significant chemical applications. This progress is either related to the quality of the plasmonic substrate or the molecule localization to the substrate. The advances were chosen because we believe a combination of them could lead to exciting future research. In the next section, we discuss SERS distance dependence and operando SERS to understand how far from the surface SERS can probe, an important consideration for successfully monitoring catalytic reactions. Later, in Section 3, we direct our attention to the SERS substrate, focusing on aluminum as a UV plasmonic material as well as a brief enumeration of suggested practices that might facilitate reproducible SERS spectra across different research groups. We then review short-distance capture strategies for increased selectivity and adsorption efficiency in Section 4, with a focus on direct sensing schemes over indirect ones. Lastly, we discuss remaining challenges and possible new directions that could arise from the synergistic combination of all the herein discussed topics, which we foresee could provide understanding of chemical processes and expansion of SERS applications.
SERS distance dependence and operando SERS
Performing operando experiments requires measurements to be made under temperatures and pressures pertinent to the reaction. For SERS to be a viable technique in applications such as molecular sensing and operando measurements involving catalytic reactions, the variation in SERS intensity resulting from the distance between the enhancing surface and the analyte molecule must be taken into account. This variation in intensity is predominantly the result of the EM enhancement mechanism, which does not require the analyte to be in direct contact with the plasmonic surface. The EM mechanism does, however, require the molecule to be within a few nanometers from the surface for an appreciable enhancement to be obtained.
The distance dependence of SERS has been investigated in the past, both in theory and in experiment. Gersten and Nitzan 8 first developed a model to describe the decay of SERS signal as a function of molecule-metal distance for various metals (Ag, Cu, Au) and spheroidal shapes. Later, various experimental groups used a number of molecular probes and spacers to evaluate the SERS signal decay and how it compared with the Gersten and Nitzan model. Using a simplified sphere model and E 4 approximation the model can be written as:
where I is the SERS intensity, a is the radius of curvature of the field enhancing nanostructure, and r is the distance between the analyte and plasmonic surface. One of the earliest efforts into experimentally evaluating SERS signal decay by Kovacs et al. 9 used
Langmuir-Blodgett spacer layers of arachidic acid and a monolayer of tetra-t-butyl phthalocyanine as the probe molecule. 5a In this study, we were able to resolve short-and longrange components in the Gersten and Nitzan model by using a single Ag film-over-nanospheres (Ag FON) substrate throughout the course of an ALD of aluminum oxide, using the methylalumina surface species as the probe molecule. As illustrated in Fig. 1 , we used two different vibrational modes (sym. C-H and sym. Al-CH 3 stretches) to monitor the decay of SERS signal with respect to the spacer layer. Experimentally, the Gersten and Nitzan model (eqn (2)) failed to fit our data, so we used a twoterm phenomenological expression (see eqn (3)). In this modified Gersten and Nitzan model (eqn (3)), a 1 and a 2 are the short-and long-range radii of curvature of features, respectively. The different radii of curvature are the result of small (o1 nm) and large (410 nm) nanoparticle structures associated with the heterogeneous Ag FON surface (see SEM micrograph in Masango et al.
5
). Thus, our results suggest that SERS distance dependence is conditioned by the substrate nanostructure, and should be contemplated for sensing applications. In particular, for operando SERS measurements where the distance between the analyte and the substrate might vary and heterogeneous nanostructures with high EF are typically necessary, to anticipate the decay of the SERS signal from a given substrate is certainly important.
Operando spectroscopy simultaneously studies fundamental spectroscopic characterization of surface phenomenon and catalytic performance. 14 Operando measurements differ from in situ measurements by being performed under ''true catalytic'' conditions, where catalytic activity/selectivity measurements can be made alongside structural measurements. 14 In situ SERS typically falls short of providing insight into the catalytic system of interest due to either the cell or the substrate being incapable of withstanding the high pressures and temperatures necessary for measuring relevant kinetic information. Issues such as heat and mass transfer gradients can also arise from cell design and can complicate kinetics measurements. Over other techniques, operando SERS has the advantage of being able to probe the lower wavenumber region during reaction-specific conditions as a means of acquiring structurally relevant information about the analyte species. By probing the low wavenumber region, where pertinent metal-carbon and metal-oxygen vibrations are located, one can determine the structures of transient species present during the reaction. This type of study was recently performed on the alumina ALD process to show previously unestablished transient dimeric surface species. 5b Illustrated in Fig. 2 are the low wavenumber vibrational modes that we used to make structural determinations about the methylalumina species. These measurements were performed in the ALD reactor at 70 1C.
The largest obstacle in utilizing operando SERS is the requirement that the reaction take place within a few nanometers from the plasmonic surface. If the catalytic reaction does not involve the plasmonic surface as the catalyst, then the whole catalytic system (i.e. the catalyst, reagents, and inert separation layer between the catalyst and plasmonic surface) must be incorporated near the surface in a way that optimizes the Raman signal during the experiment. Because a multitude of factors inherent to the catalytic reaction (not limited to the coverage, lifetime, and Raman scattering cross-section of analyte species) will limit the SERS signal, the total distance between the analyte and plasmonic surface must be minimized to obtain appreciable signal. 
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Most efforts into operando SERS for heterogeneous catalysis have either involved using a specific, sufficiently strong Raman scatterer with limited industrial or catalytic significance or have used the plasmonic surface as both the field enhancing substrate and catalyst. The Weaver group examined the adsorption of gases (NO, CO, and O 2 ) at various temperatures (25-200 1C) 15 and the electrocatalysis of small molecules 16 on transition metals (Pt, Pd, Rh, Ru), laying the foundation for probing relevant heterogeneous reactions outside the conventional plasmonic metals (Au, Ag). Later, Heck et al. studied the catalytic hydrodechlorination of 1,1-dichloroethene (1,1-DCE) in water (at room temperature) using SERS on Au nanoshells decorated with Pd islands (see Fig. 3 ). 17 In their experiments, Heck et al. identified vibrational modes associated with the adsorption and binding behavior of the reactant and intermediates, and monitored how they changed with reaction time.
When performing the hydrodechlorination reaction in a solution of 1,1-DCE and hydrogen, the H 2 was postulated to dissociatively adsorb onto the surface and accelerate the dechlorination, based on the appearance of broad bands around 250 cm À1 (metal-chlorine and metal-carbon vibrational modes) after only 5 minutes (Fig. 3b) . In contrast, these bands did not appear in the hydrogen-absent experiment until 20 minutes. Vinyl surface species were also suspected of being present based on small modes at B1230, B1360, and B1580 cm
À1
, although these are much harder to pick out. There were modes that appeared at B954, B1160, and B1430 cm À1 , indicative of di-s-bound 1,1-DCE on the surface ( Fig. 3b and c ). p-Bound 1,1-DCE was also observed based on additional peaks in the 1000-1100, 1220-1290, and 1500-1600 cm À1 regions. Peaks in the 600-900 cm À1 region (C-Cl stretches) suggested partially dechlorinated 1,1-DCE surface species, as these modes were not present in the hydrogen-absent experiment. By the end of the experimental run (100 minutes long), peaks in the 250 and the 600-900 cm À1 regions decreased in intensity, suggesting complete dechlorination of surface species. Broad spectral bands from 1200-1600 cm À1 suggested adsorbed vinylidene species that persisted throughout the experiment ( Fig. 3d and e) . Unfortunately, the instability of plasmonic substrates to conditions of high temperatures (4200 1C) and pressures (Z1 atm) has prevented operando measurements on relevant catalytic systems. It is thus desirable to make highly enhancing substrates more chemically and thermally robust to support such conditions. 18 In terms of thermal stability, the architecture of the plasmonic substrates must be maintained during relevant temperatures in order to avoid annealing and thus degradation of the EM field enhancement. Work by Whitney et al., for example, has shown that thin overcoats of alumina prepared via ALD onto periodic particle arrays of Ag were sufficient to stabilize the particles and minimize their reshaping at temperatures up to 500 1C. 19 Overcoats of the plasmonic material by metal oxides may also serve as a chemically inert barrier, but considerations into the thickness of the overcoat must be made such that the SERS signal is optimized, as previously mentioned. Another problem that is pervasive in SERS applications is the reproducibility in field enhancement from substrate to substrate. The variation in field enhancement across substrates is a consequence of the variability in nanostructures and reproducibility of the production method. A lack of field enhancement uniformity makes quantitative comparisons for catalytic reactions difficult. In the case of Ag FONs, reproducibility has been optimized to the point where variation in EFs across a single substrate (i.e. different spots) and across multiple substrates has been reduced to o10%. 20 For other substrates missing EFs uniformity, standards are often used to account for fluctuations in intensity resulting from hot-spot variability. 21 For example, Weatherson et al. used covalently bound 4-nitrothiophenol as an internal standard during SERS monitoring of the aldol condensation of 4-(methylthio) benzaldehyde with free acetone. The use of nitrothiophenol internal standard was appropriate because it binds in a similar manner to the gold surface as the analyte of interest. Because of the reproducibility problems associated with some SERS substrates, an internal standard should always be used if possible. One should be aware, however, that the internal standard should not interfere with the catalytic reaction and analyte, and that the internal standard should have similar affinity to the surface, and be used at a relatively low concentration compared to the analyte. In moving forward with applying SERS towards operando monitoring of catalytic reactions as a means of acquiring structure-function relationships, several considerations must be made for each unique system. Depending on the temperatures and pressures of the system, and the Raman scattering cross-section of the reactants and products, different preparations of the substrate and catalyst must be pursued. As discussed, making the substrate resistant to chemically relevant conditions is necessary, which requires an inert layer between the plasmonic substrate and the catalyst. However, the inert layer introduces a certain amount of distance between the SERS substrate and the analyte, which results in a decreased SERS signal. Depending on the analyte, this extra surface separation can pose a challenge in measuring vibrational modes. Still, recent efforts in making thin inert separating layers and robust reproducible SERS substrates may lead to viable studies of more interesting catalytic systems. We consider that metal oxides (such as Al 2 O 3 , TiO 2 , and SiO 2 ) would prove to be the most useful protection layers due to their thermally and chemically inert properties. Finally, we note that plasmondriven catalysis and hot-electrons as reducing agent are actively discussed in literature as they might lead to new technologies. 22 3. Alternatives to gold and silver as plasmonic materials: aluminum for deep UV-SERRS SERS spectra are most commonly acquired with laser excitation sources in the visible-NIR range of the electromagnetic spectrum. Even though UV Raman spectroscopy is a wellestablished field of research, the surface-enhanced version, UV-SE(R)RS is not. In this section we address the developmental hindrances to UV-SERRS, distinct advantages of UV-SERRS over visible-NIR SERS, research efforts that utilize aluminum as an alternative plasmonic substrate for UV excitation wavelengths, and experimental challenges and considerations relevant for SERS measurements in the UV and visible-NIR.
We attribute the slow pace of UV-SERRS advances to three main factors: first, UV spectroscopy requires customized instrumentation for the UV range, which typically increases cost and initially was not cross-compatible with visible-NIR optimized equipment. Fortunately, thanks to continual improvements in UV protective coatings for optics, CCD cameras sensors, spectrographs and lasers designs, it is now possible to purchase commercial UV-vis-NIR compatible (though not simultaneously optimal) Raman spectrometers or to build UV-devoted homemade set-ups of high performance (higher spectral resolution and signal-to-noise ratio). Hence, instrumental limitations are no longer significant obstacles. Second, early theoretical predictions based only on the EM field enhancement calculations at UV wavelengths illustrated poor plasmonic properties for Au and Ag, which are the most widely used metals for SERS substrates fabrication. In the UV, the surface plasmon resonances of Au, Ag and Cu are overwhelmed by interband transitions; suggesting the need to switch to alternative materials and to optimize fabrication methods for UV plasmonic SERS substrates (ref. 23 references therein). A third deterrent and probably the most frequent one to UV-SERRS development is photodegradation of adsorbates. It is experimentally challenging to avoid photodamage of the adsorbate by the UV excitation light source, 7 this constitutes the main disadvantage for UV over visible SERS applications. Distinct advantages of UV-SERRS over visible and NIR SERS are increased Raman scattering efficiency because Raman intensity varies with the fourth power of the observed frequency (n 4 ), additional signal enhancement due to electronic resonance effects if the excitation laser wavelength is close to absorption bands of the adsorbate molecule, higher spatial resolution due to the direct dependence with wavelength of diffraction-limited imaging, and (below 250 nm) bypassing fluorescence backgrounds. 1, 2, 23, 24 These advantages position UV-SERRS as a technique that might complement visible-NIR SERS for studying biologically-and catalytically-relevant adsorbates. Fortunately, the vast majority suggest that UV-SERRS is suited to study surface species during electrochemical or catalytic reactions on metals for which the surface enhancement is higher in this spectral region due to their dielectric functions. During the last decade there has been significant progress in the fabrication of aluminum nanostructured substrates with acceptable enhancement, despite the presence of its native oxide layer at ambient conditions that reduces EM field enhancement. To the best of our knowledge, this progress enabled the first comparison of adenine UV-SERS spectra on various nanostructures constituted of the same metal and comparison to silver substrates. Here, we will focus on aluminum with the intention to encourage further optimization of UV-SERS substrates. We also note that although the plasmon width is typically larger for Al than Ag, the physical origin of the broadening is due to radiative effects rather than electron-phonon interactions (ref. 27 and references therein), so there is the opportunity to manipulate the lineshape for Al by varying particle shape and arrangement to produce narrower plasmons. 27 We believe that with design optimization, Al substrates might have superior or, at least, comparable performance at UV to Ag and Au.
In Fig. 4 we illustrate various types of aluminum nanostructures that have been studied: an array of Al disks utilized by Jha et al. to detect UV-SERRS spectra from an adenine film 28 (Fig. 4A) ; arrays of Al nanovoids prepared directly by colloidal lithography 25 ( Fig. 4B ) and indirectly with a re-usable nanoimprinting colloidal stamp 29 both utilized for UV SERRS detection of adenine from solutions; Al FON (Fig. 4C ) utilized for UV-SERRS detection of multiple molecules; 23 and nanostructured films utilized for the UV-SERRS detections of crystal violet prepared by sputtering 7 and by laser-direct-writing 30 (Fig. 4D ).
For the aluminum substrates mentioned, we focus here on our achievements with Al FONs. General characteristics of FON substrates are: easy and low cost fabrication, tunable localized surface plasmon resonance (LSPR) according to the size of the packed spheres, strong EM field enhancement and reproducible performance for SERS sensing. Exploiting these characteristics, we prepared FONs with two different spheres sizes, 170 and 210 nm, which generated LSPRs at 222 and 309 nm for Al FONs and 368 and 400 nm for Ag FONs, respectively. We investigated their UV-SERS performance with four different adsorbates (adenine, Ru(bpy) 3 2+ , mercaptohexanol and trans-1,2-bis(4-pyridyl)-ethylene, BPE) by deep UV excitation. In Fig. 5 we present UV-SERRS spectra of two adsorbates only: adenine and BPE. This simplifies the discussion by comparing two standard SERS analytes and demonstrates the substrates' performance for the most commonly used biomolecule probed in the UV (adenine). For UV-SE(R)RS spectra of Ru(bpy) 3 2+ , mercaptohexanol and further discussion we refer the readership to ref. 23 . In our experiments, we incubated Al and Ag FONs as well as Al and Ag mirrors in 1 mM solutions of the target analytes and later rinsed them to minimize the number of un-bound molecules. At our excitation wavelength, 229 nm, both adenine and BPE are resonant adsorbates. In an attempt to differentiate and quantify the enhancement generated by the nanostructured plasmonic surface from the enhancement provided by the electronic resonance effect, we compare FONs and mirrors. We attribute the enhancement observed with mirrors (green traces) to normal resonance Raman contributions, and total enhancement on FONs substrates (blue and red traces) to a combination of surface enhancement and resonance Raman effect. In the case of BPE, it appears that resonance effects are not large. On Ag and Al mirrors and 170 nm FONs, we see almost negligible enhancement of BPE vibrational modes compared to the intense spectra acquired on Ag and Al FONs (blue traces) generated using 210 nm spheres size. For adenine, the resonance enhancement is more evident and characteristic spectral features of adenine are clearly observed on both Ag and Al mirrors. Nevertheless, Al FON (210 nm, blue) and Ag FON (170 nm, red) provide much higher enhancement than the mirrors; hence demonstrating that nanostructuring adds signal amplification on top of the resonance effect and the multiplicative effect of resonance Raman with the EM enhancement in SERRS. For both analytes, adenine and BPE, the highest SERS signal intensities were achieved with Al rather than Ag (see scale bars). Experimentally, in our results there is no correlation between the substrate LSPR and the total UV-SERS signal enhancement. Consequently, we caution that in the UV, optimal enhancement cannot be predicted solely on sphere size and LSPR wavelength. Overall, we found that Al FONs with a native Al 2 O 3 oxide layer have plasmonic properties for deep UV-SERRS that in combination with the resonance enhancement of the adsorbates themselves can give average enhancement factors of the order of 10 6 , broadening the SERS application range. 23 For future expansion of UV-SERRS with chemical applications, other experimental obstacles should be considered besides the challenge of fabricating satisfactory substrates. A problem common to all UV-SERRS reports cited herein is photodegradation of the adsorbate molecule by UV radiation. In some cases, this was avoided by working in solution phase; 25,26a,28,29 in other cases, photodegradation was minimized by using low excitation power. From our perspective, photodamage may be circumvented by working at low enough power densities (B5 mW cm À2 ) and short acquisition times (r30 s) in stirred solution; conditions that are compatible with biological, electrochemical and catalytic experiments. In this context, it will be extremely valuable if researchers share detailed experimental conditions and sequential spectra acquisitions (in normalized units, counts mW À1 s À1 ) to evaluate the extent of photodamage. We also noticed in recent literature a shortage of comparisons between nanostructured and flat substrates of the metal under study; and to other standard metals such as gold and silver, limited adsorbate variety, and incubation procedures that could cause adsorbate crystallization and consequently normal Raman acquisition instead of SERS. In Fig. 6 , we detail what we believe are good practices to facilitate reproducible SERS data and thorough SERS substrate characterization. By sharing with the readership the way we critically think through these basic experimental aspects, we hope to guide the expansion of SERS chemical applications at all spectral ranges in a reproducible manner.
Short-distance capture strategies for capture agent-enabled SERS (CAESERS)
In Section 2 of this tutorial review, we demonstrated that the highest surface enhancement of the SERS signal is experienced View Article Online within 1 nm of the surface of the plasmonic enhancing SERS substrate. 5a Therefore, in an ideal situation, the analyte to be probed by SERS is in direct contact with the substrate, minimizing the distance to the substrate and maximizing the SERS signal intensity. Molecules that exhibit a high affinity for plasmonic metals are primarily those with thiol (which form covalent metal-S bonds), amine, cyanide, and carboxylic acid functional groups; and their adsorption depends on solution pH and ionic strength, steric hindrance around the affinity group, and the surface coverage and charge of the SERS substrate. 31 Since SERS presents several analytical advantages (high sensitivity, label-free detection, rich chemical information), it is desirable to widen the scope of detectable analytes beyond those that directly bind to metal surfaces. To do so, strategies are required that either (1) capture non-metal-affinitive molecules within the SERS sensing volume (o2 nm from the surface), 5a enabling direct detection of the molecule, or (2) utilize a scheme whereby the presence of the analyte molecule is indirectly detected. There are many strategies for what we refer to here as capture agent-enabled SERS (CAESERS) that have been developed in recent years, ranging from cross-coupling with metalaffinitive ligands, 32 SAMs of thiolated molecules, 33 polymer coatings, molecular recognition agents, 34 aptamers, 35 and antibody fragments. 36 In this section, we focus on generalized strategies for CAESERS that (i) are applicable to a wide range of analytes (not specific to single analytes as are aptamers and antibodies), and (ii) employ capture agents that are short in length, to maximize the surface enhancement effect. Specifically, we review recent advances in directly tethering molecules to metal nanostructures via cross-coupling reactions, and capturing molecules with low molecular weight SAMs and ''cage-like'' molecular recognition agents such as cucurbit[n]urils, calix[n]arenes, and cyclodextrins.
Direct tethering via cross-coupling reactions
The most straightforward approach to bringing a molecule close to the surface of a SERS substrate is to directly tether the molecule to the surface by cross-coupling it with a short metalaffinitive ''linker'' molecule. There are many cross-coupling reactions that have accomplished this, including Diels-Alder reactions, 32a carbodiimide coupling, 32b and reactions that fall under the umbrella of ''click'' chemistry (ref. 37 and references therein). However, the latter has mainly been used to conjugate Raman reporters (also called ''tags'' or ''probes'', those are molecules with high Raman cross-sections) to the molecule of interest. This enables indirect sensing of the molecule of interest; the detection of the Raman reporter implicates the presence of the molecule of interest. Of the former coupling reactions, we focus here on carbodiimide coupling. The linker in a carbodiimide coupling reaction can be short in length (o0.5 nm), minimizing the distance between the molecule of interest and the SERS substrate surface, which enables direct sensing of the molecule of interest. The linker can also be thiolated, lending the stability of a covalent S-metal bond to the sensing system. A particular type of carbodiimide cross-linking, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) coupling, has been successfully used to tether molecules to plasmonic metal nanostructures for SERS. EDC forms an o-acylisourea active ester from a carboxylic acid, which then reacts with N-hydroxysulfosuccinimide sodium salt (NHS) to form a reactive ester intermediate. This intermediate reacts with a primary amine to form an amide bond. Thus, EDC coupling can be used to link 
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Chem Soc Rev together two molecules, one containing a carboxylic acid, and one containing a primary amine, by the resulting amide bond (see Fig. 7a ) (ref. 32b and references therein). Our group recently used EDC coupling to tether a rhodamine 6G (R6G) analogue containing a primary amine, N-(2-aminoethyl)-rhodamine 6G amide bis(trifluoroacetate) (R6G-amine), to Ag nanoparticles (NPs) to study electron transfer by electrochemical SERS (EC-SERS) (Fig. 7a) . R6G cation (R6G + ) adsorbs to citratecapped Ag NPs through electrostatic interactions, but during electrochemical reduction R6G species tend to desorb. In order to detect R6G neutral radical species, we tethered R6G-amine to Ag NPs by EDC coupling with 3-mercaptopropanoic acid (MPA) and 6-mercaptohexanoic acid (MHA). We compared two methods: a ''heterogeneous'' method, in which the Ag NPs are first fixed to a conductive substrate, functionalized with MPA or MHA and EDC-coupling with R6G-amine in the final step; and a ''homogeneous'' method in which the Ag NPs are functionalized with MPA or MHA and EDC-coupled with R6G-amine as a colloidal suspension, and later deposited onto a conductive substrate for EC-SERS. The homogeneous method resulted in increased numbers of SERS-active aggregates (maximized loading of R6G-amine into hot-spots), reduced fluorescent background and increased SERS signal intensities (Fig. 7b) . As expected, the MPA linker resulted in higher R6G-amine signal intensities than MHA, in agreement with the distance dependence of SERS (not shown here). Tethering R6G-amine to the surface of Ag NPs enabled the direct detection of the neutral radical species of R6G-amine (Fig. 7c) . 32b A shortcoming of EDC coupling is that it requires a primary amine or carboxylic acid in the molecule of interest. Thus, EDC coupling is not a universal means of tethering molecules to SERS substrates. Additionally, for some SERS sensing applications, such as biosensing in complex biological fluids (where multiple molecules with primary amine and carboxylic acid groups are present), pre-processing of the sample to purify and extract the molecule of interest would be time-consuming and would hinder real-life application.
Applications of thiolated SAMs for direct and indirect SERS detection
A more generalizable and flexible approach to capturing molecules for SERS detection is to alter the surface chemistry of the SERS substrate. By functionalizing the surface with a partition layer, a molecule with low metal affinity may be brought close to the surface-enhancing substrate by attractive interactions with the partition layer. To this aim, multiple research groups have employed SAM techniques. The main advantage of a SAM is that the surface chemistry can be tailored by changing the functionality, length, and density of the monolayer. SAMs can also be short in length (o2 nm for alkanethiols containing fewer than 10 carbon atoms and o1 nm for those with fewer than 6 carbon atoms) such that direct detection of the analyte molecules attracted to the SAM is possible (the analyte is either attracted to terminal functional groups or intercalates into the SAM). SAMs can, by careful design, exploit electrostatic, 33a hydrophobic, 33b,c and hydrogen bonding interactions. 33d,e Furthermore, mixed
SAMs can take advantage of multiple types of interactions and build complexity into the surface chemistry. 33d,e Beyond just attracting the molecule of interest, these multipurpose partition layers can be used to link together two different SERS substrates to increase the surface enhancement 33b or to repel non-target molecules. 33a SAMs of alkanethiols are suitable for constructing a hydrophobic partition layer to attract hydrophobic molecules. Environmentally relevant polycyclic aromatic hydrocarbons (PAHs), such as pyrene, are highly hydrophobic molecules that lack any functional groups that exhibit affinity for metals. Gu et al. showed that by functionalizing cavities within a Ag substrate with 1,10-decanedithiol, they could create a hydrophobic surface into which PAHs readily absorb and concentrate. Following PAH absorption, this dithiol was also able to bind added Ag NPs to create plasmonic gap junctions that resulted in a high enhancement factor of 10 8 (resulting in a LOD of 8 nM for anthracene and 40 nM for pyrene) (Fig. 8A) . 33b Gu et al. expanded
on that work to show that a SAM of an even shorter alkanethiol, hexanethiol (C6), still allowed for the absorption of PAHs. This sensing system consists of C6 on a Au film and adsorbed Au View Article Online nanoparticles on top of the PAH-loaded C6 partition layer (Fig. 8B ). 33c The SERS spectra shown in Fig. 8B illustrate the role of each component of this sensing system: the green trace (Au film@C6-PAHs) shows that the Au film by itself is nonenhancing, necessitating the introduction of the Au NPs. The blue trace (Au film-PAHs-Au NPs) demonstrates the necessity of the partition layer -without it, PAHs are not detectable. The black (SiO 2 @C6-PAHs-Au NPs) and red (Au film@C6-PAHs-Au NPs) traces both demonstrate that with the partition layer and the surface-enhancing Au NPs, PAHs become detectable -but that the signal-to-noise ratio is highest when ''gap mode'' SERS is employed (Au film@C6-PAHs-Au NPs), as a result of the higher EF imparted by the hot-spots formed between the Au NPs and Au film. For more selective analyte capture, a SAM of mixed monomer function can be employed. Glucose and similar monosaccharides do not bind to metals, but the detection of glucose is critical to monitoring blood sugar to treat diabetes. Our group demonstrated that a mixed SAM of different length and function, 6-mercapto-1-hexanol (MH) and decanethiol (DT), created a partition layer in which there were depth pockets containing the alcohol functional group into which glucose was able to intercalate.
33d This mixed SAM allowed direct detection of glucose due to the short length of the monomer units (o2 nm). Moreover, it was suitable and stable (for two weeks) for in vivo glucose SERS sensing by subcutaneously implanting a SAM functionalized Ag FON into rats. 33e The observed long-term stability of the thiolated SAM in a biological system was a promising indicator of the suitability of such SAMs for biosensing applications. Besides aliphatic thiols and alcohols, assemblies can also be prepared with monomers containing polarizable functional groups, such as aromatic rings, and multiple terminal functional groups. This versatility was exploited by Sun and Hung et al, as well as by our own group. We showed that glucose can be indirectly detected by SERS within physiological concentration ranges and pH using a multiple terminal functional groups SAM of bis-4-amino-3-fluorophenylboronic acid, 33f and
Sun and Hung et al. showed that hierarchical mixed SAMs composed of analyte-attracting and anti-biofouling monomers (schematic shown in Fig. 8C ) are adequate, robust and customizable for in vivo SERS sensing. In particular, for continuous drug monitoring in blood plasma, Sun and Hung et al. used as analyteattracting monomers mixtures of mercaptopropionic acid and propanethiol, to enrich the analyte out of complex matrix, with an initiator from which a brush-like zwitterionic anti-biofouling layer (poly(carboxybetaine)) was grown. This anti-biofouling layer repelled components of blood plasma and prevented protein buildup around the implanted Au substrate, which would otherwise render the SERS sensor inactive. Alternatively, with different capture agents in the hierarchical mixed SAMs, Sun and Hung et al. demonstrated that detecting pH changes (with 4-mercaptobenzoic acid as the capture agent) and fructose (with 4-mercaptophenylboronic acid as the capture agent) is possible in undiluted human plasma. In this case, fructose and pH sensing detection was performed indirectly, based on changes in the capture agent spectral features after protonation or interaction with fructose. 33a Unfortunately, SERS indirect sensing enabled by SAMs suffers from limited selectivity. Commonly, perturbations to the partition layer spectral features are not pronounced enough to distinguish between multiple analytes and requires careful spectral processing and chemometrics analysis, such as PCA and HCA. Yet, SAMs enable the detection of analytes with small Raman cross-sections and clearly have a crucial role in biosensing.
Cage-shaped molecular recognition hosts for analyte capture
One way to increase the number of affinity interactions between the capture agent and analyte molecule while maintaining short distance from the surface is to use short cage-shaped molecular recognition agents such as a cucurbit ), and CD (antibiotics 34g ). Our focus on cage-like host molecules stems from their small size and potential for multiple interactions with guest molecules. A potential limitation to these capture agents is that they are relatively good Raman scatterers, and consequently, spectral features inherent to the capture agent can mask those of the analyte. CB[n] molecules readily adsorb to Au surfaces through the net interaction of multiple carbonyls at each end of the molecule and form stable monolayers. Like dithiols, the symmetry of CB[n] molecules can be used to create hot-spots between plasmonic materials by the interactions of each end of a CB[n] molecule to a metal nanostructure (Fig. 9a) . The guest molecule can be ''loaded'' into the CB[n] either before the introduction of the SERS substrate (''pre-mixing''), or after the CB[n] has adsorbed to the substrate (leaving the nonbinding end open). Of the many molecules that CB[n] variants are able to host, only a few have been detected by SERS to date. CB [7] and CB [8] in particular have been used in SERS applications, resulting in direct detection of methyl viologen, and indirect detection of other small aromatic organic compounds (Fig. 9) . 34a,b The peaks in Fig. 9b labeled with asterisks are those attributable to the guest molecules. The CB[n] cavity deforms when it accommodates a guest molecule; this deformation is detectable by the shifting of CB[n] vibrational modes, particularly the 830 cm À1 and 440 cm À1 ring scissor and breathing modes, respectively. Fig. 10 illustrates the unique shifting of the 440 cm À1 vibrational mode of CB [7] with different guests. The strength of the interaction between CB [7] and the guest molecule can also be inferred from this shifting by comparing the area of the shifted 440 cm À1 peak to that of the unfilled CB [7] (Fig. 10c) CAESERS concluding remarks. In this section, we highlighted three types of short-distance capture strategies to detect by SERS molecules that do not exhibit affinity for metal nanostructures. In the first strategy, direct tethering, the analyte is chemically modified to achieve minimal length distance for direct sensing. The main limitation to this strategy is the requirement of certain functional groups in the molecule of interest. The second, was the use of thiolated SAMs to change the surface chemistry of the plasmonic metal nanostructure, creating a new environment to which molecules of interest are attracted. The strength of this strategy is the versatility of the SAMs for creating different chemical and anti-biofouling environments. The third strategy was the use of cage-like molecular recognition ''host'' molecules that bind to plasmonic metal nanostructures and provide a cavity that analyte molecules can fill. These capture agents exhibit similar strengths to SAMs, and are an emerging class of capture agent to be harnessed.
Future directions
We expect that advances in synthetic chemistry and materials engineering will continue to provide new directions for answering chemical questions by SERS with increased sensitivity and selectivity. We illustrate in Fig. 11 research that we anticipate will combine the advancements in UV-SERRS, plasmonic substrates, and analyte capture strategies to overcome weak Raman scattering cross-sections and reach low limits of detection for small molecules and biomolecules. In our vision, such synergistic combinations will enable the study of industrial catalysts or biologically relevant systems in extreme (operando SERS) or native (CAESERS in biofluids) conditions, respectively.
Operando SERS and CAESERS have progressed as research fields without much co-development. This disconnect is surprising, as both fields require greater sensitivity so that lower LODs can be reached to detect molecules with small Raman cross-sections. For operando SERS, characterizing reductive chemistry of well-known systems like ethylene on Pt(111) can be ideal to move towards studying more complicated plasmonically-enhanced or redox-enabled chemistry and chemically complex catalysts relevant to industry. In the case of bioanalytical applications of SERS, there is a great need for better ways to monitor, quantify, and interrogate biomarkers in native samples at physiological levels (ranging from nM to low mM depending on the analyte), which commonly necessitates the use of capture agents. One possible route to converging the development of operando SERS with CAESERS could be by exploiting resonance enhancement effects (SERRS). As resonance Raman scattering cross-sections can be five to six orders of magnitude higher than non-resonant cross-sections, this is potentially a highly beneficial research direction. Using aluminum plasmonics, the EM enhancement near the resonance conditions of many small catalytically relevant molecules (e.g., ethylene) and biomolecules (e.g., ubiquitin) is attainable. Despite the challenge to circumvent photodamage by UV radiation, we believe that UV-SERRS is worth exploring and that there is room for substrates optimization.
To make operando SERS an industrially viable technique, certain requirements must be met. Specifically: (1) robustness of the entire chemical system of interest (including plasmonic substrate, capture or spacer layer and catalysts), (2) reproducibility of the entire sensing platform fabrication, and (3) sensitivity to the catalytic reaction species of interest. Solving these issues using scalable and industry-compatible techniques outside of academic research labs remains a challenge. Many methods for stabilizing plasmonic substrates have been reported, including polymers, oxides (not limited to silica, alumina and titania) and other types Fig. 10 Indirect SERS detection of analytes enabled by cucurbit [7] uril. (a) Illustration of CB [7] 440 cm À1 vibrational mode perturbation with guest complexation and a proposed explanation for why some analytes blue vs. red shift the 440 cm À1 vibrational mode of CB [7] . (b) The unique magnitude of the 440 cm À1 mode shifting for different analytes leads to the ability to distinguish between them. (c) The area of the shifted 440 cm À1 mode compared to that of unfilled CB [7] ; this provides some insight into the affinity between CB [7] and the analyte molecule. reactions take place in extreme conditions (high temperature and pressure). This suggests that nanomaterials engineering efforts beyond plasmonic properties and selectivity through capture layers also need to account for robustness (mechanical and chemical) of the entire sensing system. Most reports that acknowledge hot-spot degradation are focused on Au or Ag, and to the best of our knowledge the stability of Al is not yet fully known (ref. 4 and 38 and references therein). Nevertheless, when aluminum is used as the plasmonic substrate, the native alumina oxide layer could serve a dual purpose as a spacer layer (due to its high uniformity) to separate the catalytic reaction from the plasmonic surface, and as a protective layer to provide stability. 28, 30 For sensing platforms in which the aforementioned obstacles are resolved, an unfortunate reality of operando SERS is the complexity of the chemical system. A common structural motif includes: (1) a plasmonic substrate which is, from a crystallographic perspective, highly heterogeneous, (2) a spacer layer to prevent the plasmonic substrate from interacting with the catalytic chemistry of interest, (3) a catalyst deposited on the spacer layer, (4) the reactants, products, and solvent or carrier gas of the catalytic chemistry. This complexity poses a challenge for accurately modeling the system. Because of the size and complexity of the system, coarse grain methods to reduce dimensionality come to mind, but accurately parameterizing the interactions of a reactive system can be highly difficult.
CAESERS by itself still faces many of the aforementioned challenges. In particular, it is important to design CAESERS sensing systems in which the capture agent is situated in a reproducible location, preferably within a hot-spot, in order to reliably reach lower limits of detection. 39 The design of capture agents that minimize distance between hot-spot and analyte, exhibit strong affinity for the analyte, and are selective for specific analytes, will push this field forward and enable new sensing applications of SERS to a variety of non-metal-binding analytes. Furthermore, coupling strong electromagnetic enhancement with RRS in the UV, where many biological analytes have some absorbance, may further bolster efforts at detecting biologically relevant molecules by SERS.
Conclusions
Advances in synthetic chemistry and materials engineering have helped expand the applications of SERS beyond those in which the molecules bind to metal nanostructures and are resonant in the visible wavelength region. Capture agents bring low metal-affinity analytes close to plasmonic surfaces where large electromagnetic enhancement allows signal amplification, thereby expanding the library of molecules detectable by SERS, including molecules of biological and clinical relevance. Operando SERS has shown the remarkable ability to observe catalytic intermediates via SERS detection. However, both CAESERS and operando SERS have limitations for small or non-aromatic molecules due to their low non-resonant Raman scattering cross-sections. One method that may overcome this difficulty is UV-SERRS. Using aluminum plasmonics and UV excitation, where most molecules present augmented Raman cross-sections, could facilitate higher sensitivity of relevant biological and catalytic species. The road to solving prominent catalytic and biological reaction mechanisms by SERS has only just been realized by advances in instrumentation (UV, electrochemical, super-resolution imaging, and operando customized Raman spectrometers) as well as in capture layers and substrate design. Yet many questions remain: how will researchers reproducibly fabricate robust SERS substrates with UV enhancement? How can complex biological and catalytic SERS systems be modeled accurately? What is the ultimate limit of detection (LOD) for quantifying biomolecules, and how far can the LOD be pushed to measure reaction mechanisms by SERS? While there are challenges ahead, SERS researchers have clearly adopted unique and interdisciplinary strategies from fields of synthetic chemistry and materials engineering that are successfully expanding SERS in new directions. We eagerly await the next breakthroughs from these fields in the near future. 
